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Previously, we detnonstrated by electron paratnag-
netic resonance (EPR) spectroscopy that ultraviolet 
radiation induces free-radical fortnation in Skh-l 
hairless tnouse skin. Because free-radical oxidative 
stress is thought to play a principal role in skin 
photoaging and cancer, oxidative stress and subse-
quent photodatnage should be decreased by supple-
tnentation of skin with antioxidants. Using both the 
ascorbate free radical and an EPR spin-trapping 
systetn to detect short-lived radicals, we evaluated 
the effect of the topically applied antioxidants 
tocopherol sorbate, a-tocopherol, and tocopherol 
acetate on ultraviolet radiation-induced free-radi-
cal fortnation. We show that tocopherol sorbate 
U ltraviolet radi ation (UV) is though t to produ ce free-radical species in skin , leadin g to premature aging and cancer [1 -8]. There are several reports provid ing evidence of this free-radical production in skin [1-2,9-15]. [n previous experiments, using 
room-temperature electron paramagnetic resonance (EPR) spec-
troscopy, we have de tected a very low steady-state level of th e 
ascorbate radical in mouse skin [1 4,15]. Upon UV radiation 
exposure of Skh-l hairl ess mouse skin the ascorbate fre e- radica l 
signal intensity in creased, indicating free-rad ical- m ediated oxida-
tive stress [15,16] . T he ascorbate rad ica l is resonance sta bilized and 
thus easily de tected by EPR. H owever, the no n-resonance-stabi-
lized radica ls initially produced by UV rad iation wo uld have ve l)' 
short lifetimes at room tempe rature; thus, EPR spin-trapping 
techniques were used. With these techniques, we previo usly 
observed a UV radiation-produced, carbon-centered free-radica l 
spin adduct in skin, characteristi c of spin-trapped alkyl radicals 
generated from membran e lip ids [1 5]. 
Chronic exposure of skin to UV radi ation can signifi cantly 
decrease ce llul ar and membrane antioxidants [17]; their depl etion 
could lead to unregulated free-radi cal fo rmation . T herefore, if free 
radicals are in volved, supplem entatio n of ski n with antioxidants 
should prevent radical-med iated oxidative damage. In deed, Bissett 
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significantly decreases the ultraviolet radiation-
induced radical flux in skin. With our chronically 
exposed tnouse tnodel, tocopherol sorbate was also 
found to be significantly tnore protective against 
skin photoaging than a-tocopherol and tocopherol 
acetate. These results extend our previous observa-
tions of ultraviolet radiation-induced free-radical 
generation in skin and indicate the utility of toco-
pherol sorbate as an antioxidant in providing sig-
nificant protection against ultraviolet radiation-
induced oxidative datnage. Key words: antioxidants/ 
ascorl,ate/electron pa.ram.agneticl'esollance. ] Invest 
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el at [18] h ave shown that application of antioxidants prior to UV 
exposure delays UV-induced chronic skin dam age i.n hairless mice. 
Topical and systemic supplementation with tocopherols has been 
found to be photoprotective by reducing erythema [1 9-21] as well 
as by delaying the o nset of UV radiation-induced skin-tumor 
formation during ch ronic expos ure [18,22-25]. Both a-tocophe rol 
and its acetate derivative have been show n to act as UV photopro-
tectants through antioxidant m echanisms [26]. However, a-toco-
pherol itse lf cou ld be photoactive by increasing free radical forma-
tion in skin . Tocopherols absorb in the UVB region of sunlight 
(280-320 nm, e295 a-tocopherol = 3050 M- I cm - ' [27]) . UV 
radiation absorption by a-tocopherol can resu lt in direct con version 
to its chrom anoxyl radical form [28]. T his free-ra dica l form of 
tocoph erol can serve as a pro-oxidant by propagating further 
deleterious free-radical reactions [29,30], or it may be reduced by 
oth er antioxida nt systems [31] . T his regenera tion of a-tocopherol 
m ay result in the depletion of other endogenou s antioxidants. 
Consequently, there exists an apparent conAict between the ro lc of 
tocopherol as a photoprotective antioxidant and as a possible 
harmful photoreactivc agen t. 
In o u r study we examin ed the antioxidan t capabilities of a-to-
copherol and tocophero l acetate as well as 'lI1other derivative of 
v itamin E, tocopherol sorbate. We investigated the UV radiation-
induced radica ls in in tact m o use skin directly by mcasuring the 
ascorbate free-radica l EPR signal he igh t and indirectly by EPR 
spin-trapping techniques and examined the elfects of these three 
differe n t chemica l fo rms of vitamin E o n reductio n or enhancem en t 
of UV radia tion-induced free-ra dical production . In addition , w e 
examined the effects of these antioxidants on prevention of skin 
~rinkling in chronic UVB-exposed mice . 
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MATERJALS AND M ETHODS 
Animals Female alb ino hairl ess Skh : I-IR-l mice (Charles rti ve r Labora-
tories, Portage, MI) were housed and maintained as reported previo usly 
[32]. 
Sample Preparnl;()/I Mice were to pically treated over the dorsal s!cin with 
0 .1 ml ofvelucle or a tocopherol so lution for 3 weeks (three times pCI' week. 
Monday, Wednesday , and Friday). a-tocopherol acetate and dl-a-toco-
pherol were obta ined from Sigma Chemical Co., St. Louis, MO. a-toco-
pherol sorbate was synthesized as described previously [33J. The test 
groups, each con ta ining 10 animals, were as follows: isopropano l (lilA) 
velucle alo ne; 5'1., a-tocopherol in IPA; 5"/., tocophero l acetate in IPA; and 
5% tocopherol so rbate in IpA. The tre,ltInents provided approximatel y a 2 
mg/cm 2 coverage of s!cin, a standard for sunscreen usage in the U.S . [34 J. 
Following 3 w eeks of treatment, each group was sacrificed by CO 2 
asphyxiation, and the dorsal s!cins collected. All s!cin samples were kept at 
liquid nitrogen temperatures until EPR examination. 
Ascorbatc Radical Mcasurcnlcnt Whole mouse skin was cut into EPR 
usable pieces (= 1.0 cm 2 • epidermis and dermis). placed in a Wilmad Glass 
Co. (Buena , NJ) tissue cell , and positioned in a T M110 EPR cavity 1"1 5] . 
EPR spectra were obta iJled at room temperature using a Bruker ESP 300 
spectrometer (Bruker Instruments, Karl sruhe, Germany). operated at 9.74 
GHz with lOO-kHz modulation freq uency. T he EPR spectrometer settings 
for the ascorbate radica l experiments were microwave power, 40 mW ; 
modulation amplitude, 0.66 G; time constant. 0.3 seconds; scan rate, 
8 G/41.9 seconds; and receiver gain , 2 X 106 . For both ascorbate and 
spin-trapping experiments the epidermal surface was exposed to V 
radiation whi le in the EPR cavity, using the same radiation source setup 
[15]. 
Spin Trapping For the spin- trapping experiments, a - [4-pyridyl 1-
oxide]-N-Ie,1-butyl nitrone (POBN) was obta ined from Sigma C hemical 
Co., St. Louis, MO. A 50-1.L1 solution of250 111M POBN was applied to the 
epidermis fo r 9 minutes; the skin was then blotted and placed in a Wilmad 
tissue cell . Relative radical concen trations were determined by measuring 
the signal height of the low-field doublet of POBN spin adduct. N o 
significant increase in backgro und ErR signal occurred when POBN alone 
was exposed to UV radiation. EPn.. instrument settings for the spin trapping 
experiments for Fig 1 were microwave power, 40 mW ; modulation 
amplitude, 0.6 G; time constant, 0.3 seconds; scan rate , 60 G / 41 .9 seconds; 
and receiver ga in , 1 X 106 . The spin-trapping data in Fig 3 represent four 
signal-aver:lged scans w here the ErR settings were microwave power. 40 
mW; modulation amplitude, 1.06 G; time conSt:int, 0 .6 seconds; scan rate, 
10 G/41.9 seconds; and receive r gain, 1 X 106 • 
UV Radiation Sctup for EPR The radiation source was a Phoromax 
150-W xenon aJ'c lamp (Oriel Corporation. Stratford, CT). Fo r the UV 
radia tion experiments wavelengths below 300 11111 were filtered out using a 
3-mm Schott WG 305 filter (Duryea. PA) (2.9 mW /cm 2 including visib le; 
1.5 mW /cm 2 for 300-400 11m); for visible-light exp eriments, wavelengths 
below 400 nm were filte red out using an Oriel 59472 filter (1.5 mW/ cm 2); 
infrared radiation was removed by a 5-cm water filter. Filtered Auence rates 
were measured with an In ternational Light (Newburyport, MA) radiometer, 
assuming that the cavity grid transmits 75% of the incident light. 
1" Vivo Irradiation and Topical Trcatment T he procedure for irra-
diation of the dorsal skin of mice with UVB rad.iation has been described 
previously [35]. BrieAy, mice (1'1 = 8 per treatment group) were irradiated 
individually under a bank of four Westinghouse FS-40 sunlamps (UVB 
radiation, peak emission ncar 315 nm) . Mice were irracliated three times 
weekly (Monday, W ednesday. and Friday) w ith 30 mJlcm 2 UVB radiation 
per exposure (approximately 0.5 the mouse ME D). For topical treatment, 
the dorsal skin of the mice was treated with 0 .1 ml of test solu tion 
[isopropanol or 5% (w/v) antioxidant in isopropanol; prepared weekly J 2 h 
prior to each irradiation . 
Skin-Wrinkling Evaluations Ski n wrinkling in hairless lIlice was as-
sessed as described previously J.3 5,36]. T he grading sca le is 0 to 3, in which 
o is normal and 3 is the maximum visible wrinkle developlllent observed in 
our work. Visible evaluations were done blind by:1/1 individual not invo lved 
in the treatment and irrad iation work. 
Skin .l esions were d.iagnosed and counted as tulllors if they were circnlar, 
red, raised. and greater than I mill in d.iam 'ter. .In other work we have 
evaluated these types of lesions histologically and found the11l to be 
papiUomas and squamo us ce ll c:lrcinomas [35]. 
Statistical Analyscs Means at individual time points for treated s!cin and 
corresponding vehicle contro l were calculated . Diftcrences in the mean 
F I~E RADICALS IN SIGN 485 
free-radica l production between tn :atm ents and vehicle were statistically 
assessed using a Student t test. 
R ESULTS 
Endogenous Ascorbate-Radical Production T he level of 
free-radica l signal in tocopherol-treated mouse skin was exanlined 
in room light as well as in the presence of UV radiation. Using 
room temperature EPR, a very low steady-state level of the 
ascorbate free radical (Asc' - ) was obse rved to be n aturally present 
in skin (Fig 1, fOp). Due to ascorbate's role as the temlinal 
small-molecule antioxida nt [31 ,37], the ascorbate-radical concen-
tration can be used as a marker of oxidative stress [16]. Exposure of 
mouse skin to UV radiation while in the EPR cavity results in 311 
increased Asc' - signa l he ight [15]. T lus increase indicates that 
during UV exposure the skin is undergoin g free-radical oxidative 
stress. Exposure to visible light (wavelengths greater than 400 11m) 
had no affect on Asc' - levels (data not shown). 
T he tocopherol acetate treatm ents were found neither to en-
hance nor protect against UV radiation-induced Asc' - fomlation 
(Fig 2). Skin treated with a -tocopherol appears to have increased 
Asc'- signal in the presence of radiation, indicating that the alpha 
form of tocopherol could act as a weak photoreactive agent. 
However, this increase was not found to be signi ficant by sta tistical 
analysis . Examining the p values , only tocopherol sorbate treatm ent 
was found to provide a significant re duction in Asc'- formation 
(p < 0.05). This redu ction was found both in ambient, non-
exposed samples as well as in the UV-e:ll:posed skin samples. 
T he ascorbate radical EPR intensity (EPR signal intensity is 
linearly correlated with steady-state radical concentrations) data 
were also con verted into percentage ch ange versus vehicle con trol. 
By taking the di.fference between cOll.trol and antioxidant-treated 
skin Asc'- signa l he ights at each time point before and after UV 
exposure, we w ere able to arrive at overall averages (Table I). 
Both the baseline and UV radia tion- exposed Asc'- intensities for 
the tocopherol sorbate-treated sampLes were signific311tly lower 
than vehicle values, whereas in the UV radiation-exposed a-toco-
pherol-treated samples the Asc' - levels were found to be signifi-
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F igurc 1. E PR and spin trapping, Tllp. ascorbate radical doublet ErR 
signal in l1I o use s!cin. T he EPR doublet sign al of Asc'- witll hyperfine 
splitting all4 = 1.8 G is o bserved . )311110111. POBN spin trappi ng of a radical 
fro l11 UV radiation-exposed mo use skin . T h e POBN adduct of a carbon-
centered radica l (.) . aN = 15.56 G. a'-I = 2.70 G, as well as the Asc'- (e). 
are shown. T he upper sp ' ctrull1 is 0 '0 111 s!cin exposed to room light only, the 
lower spectl'llll1 is fro l11 skin exposed to the UV radiation source . 
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Figure 2. Ascorbate radical EPR signal height decreases in toco-
pherol sorbate treated skin. D, Asc·- sig'~3 1 height of II.'A vehicle-treated 
skin exposed to room light only; . , Asc·- sib'llal hl!ight of I PA vehicle-treated 
skin; e, tocopherol acet.lte-treated skin; I a-tocopherol treated skin; and A, 
tocopherol sorbate treated skin during VV exposure. T he epidermal surf:..ce of 
the skin was exposed wIllie in the EPR cavity to UV radiation after collection 
of the seventh data point. Standard error bars were determined for the UV 
radiation-exposed data. Each point from radiation-exposed samples represents 
the mean of at least six separate experiments. 
cantly h.igher than veh.icle levels. T h e acetate form had no effect on 
Asc· - levels. 
UV Radiation-Induced POBN Adduct Signal In the POBN 
experiments, when skin was exposed to UV radiation both Asc·- as 
well as a POBN radical adduct signal are detectable by EPR (Fig 1, 
bottO/II) . The UV radiation-induced formation of POBN radical 
adduct was unaffected by the tocopherol acetate treatments (Fig 3). 
The a-tocopherol appears to have enha nced the POBN signal as 
compared to control duriJlg UV exposure; however , this was not 
found to be significant by statistical analysis . Only the tocopherol 
sorbate significantl y reduced the POBN signal compa red to control 
values. 
Each tocopherol treatment time point was compared to vehicle 
control. Examining the p values for the tocopherol data, on ly the 
tocopherol sorbate treatment was found to provide a statisticall y 
signifi cant reduction in POBN radica l adduct formation. T his 
reduction was found both in baseline samples as well as in the 
UV-exposed skin samples. 
The POBN spin-trapping data were converted into percentage 
change versus vehicle control as done for the Asc· - data (vide supra) , 
Table II. Again, the a-tocopherol and tocopherol acetate forms 
did not significantly reduce UV-induced radical Aux, whereas the 
tocopherol sorbate treatment was found to dramatically decrease 
radical levels. 
lit Vivo Photoprotection T h e photoprotective efFect of topi-
cally appli ed tocopherols against chron.i c UVB radiation-induced 
skin damage was eva luated in a mouse model of photoaging 
Table I. Tocopherol Sorbate Reduces Skin Ascorbate 
Radical: Percentage Change in Skin Ascorbate Radical 
EPR Signal Height of Tocopherol-Treated Skin Versus 
Vehicle-Treated Skin" 
Trcatnlcnt Endogenous (before UV) UV Induced 
Alpha tocopherol + 3.7 :': 3.7 + 17.6 :': 3.(," 
Tocopherol acetate - 3.8 :': 5.5 + 1.4 :': 2.3 
Tocopherol sorbate - 16.2 :': 6.3" - 29 .1 :': 4.4/' 
. 1 Datn is presented :u IllC ' 1I1 :: SO. 
j) Significant (at p < 0.05) compared to endogel1olls or UV radiation-exposed 
vehicl e vOilucs. 
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Figure 3. POBN radical adduct EPR signal height decreases in 
tocopherol sorbate-treated Skill. D , POBN radical signal height in II.'A 
vehicle-treated ski ll exposed to room light only; ., P013N radical signal 
height of IPA vehicle-treated skin ; •. tocophero l acetate-treated skin; I. 
a-tocopherol-treated skin; and . , tocopherol sorbate-treated skill during 
UV exposure. The epidermal surf.lce of the skin was exposed while ill the 
EPR cavity to UV rad iation after coll ection of the third data point. Stalldard 
error bars were determined for the UV radiation- exposed data . Each point 
from radiation-exposed samples represents the mean of at least six separate 
cxpcrilll cnts. 
[35 ,36]. In previous testing using this model [18]. we observed that 
tocopherol acetate was poorly photoprotective agai nst chronic 
UVB radiation-induced skin w rin k lin g, whe reas a-tocoph erol pro-
vided sign ifi cant protection. In the present work, we compared the 
efJicacy of these two materials against tocopherol sorbate (Fig 4). 
The results substantiate our previous observations and indicate that 
tocopherol sorbate is significantly more protective than th e other 
two forms of vitamin E against skin wri.nkling. The study was not 
continued to the point where all mice had skin tumors, so a 
thorough evalu ation of protection against tumor formation was not 
possible. However, there were fewer tumors in the tocopherol 
sorbate group (1.8 tumors/mouse) and a-tocopherol group (2.0 
tumors/mouse) versus the vehicle control group (3 .6 tumors/ 
mouse) at the end of the study (week 23). Because the tocopherol 
acetate did not provide significant photoprotection against skin 
wrinkling at 15 weeks into the study, th at group was discontinued 
prior to the point of first tumor appearance (week 19 in the vehicle 
control). Whereas tocopherol sorbate and a-tocopherol appeare d 
to re duce the average number of tumors per mouse, they did not 
de lay onset of appearance of the first tumor re lative to vehicle. 
DISCUSSION 
In previous work, USillg the POBN spin-trapping system, a UV 
radiation-produ ced carbon-cente red free radical was detected from 
intact skin [15] . The EPR spectra exhibited hype rfine sp li ttings that 
<Ire characteristic ofP013N/alkyl radica ls, possibly generated from 
membrane lipids as a result of J3-scission of li pid alkoxyl radi ca ls. 
Table II. Tocopherol Sorbate Reduces Skin POBN 
Radical Adduct: Percentage Change ill Skin POBN 
Radical Adduct EPR Signal Height of Tocopherol-
Treated Skin Versus Vehicle-Treated Skill" 
Treatment Endogenous (before UV) UV Illduced 
Alpha tocopherol - 17.!l :': 2.8/' + 6.5 :': 2.3 
Tocopherol acetate - 8.5 :': 6.4 - 11.3:':5.0 
Tocopherol sorbatc - 33.2 :': 2.0" - 39.8 :': 11. 2" 
,/ Dat" is presented as lIIea n :: SD. 
/. Signifi ca nt (at p < 0.(5) compared to endogeno us o r UV r:ld iatioll- cxposcd 
vehicl e va l1les. 
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Figure 4. Tocopherols protect against UVD-induced InOUSe skin 
wrinlding. Tocopherol acetate, ., was sign ifi cantl y different fi·o l1l vehicle, 
0 , at only weeks 7-12. Alpha-tocopherol, I, and tocopherol sorbate , A. 
were significantly diflcrent fi·om vehiefe sta rting at week 7 and through the 
remainder of the stud y. 
In lipid peroxidation, propagation is the rate limiting step: 
LOa. + L'H ~ LOOH + L'· , k :, 10 to 50 M - I second - I \37] 
(1 ) 
where LOa· and L' · arc lipid peroxyl and carbo n-centered lipid 
radi ca ls, whereas L'H and LOOH arc unsaturated lipid and lipid 
hydroperox ides. This reaction is slow compared to the addition of 
oxygen to a lipid radica l (k :, 3 X 1 O~ M - I second - I \3 8]) thus, 
~lI1tioxidants such as tocophero ls (TOI-l) ha ve a chan ce to compete 
with oxidizable substrates for the lipid peroxyl radical and thereby 
break the chain of propagation. 
LOa' + TOH ~ LOOH + TO·, k = 8 X 104 M - I second - I [39]. 
(2) 
Thus, by applying TOH and inhibiting the propagation of lipid 
peroxidation it m ay be possible to reduce or prevent skin damage 
associated with free radica ls. 
a_tocopherol is the active fi·ee-radical scavenging form of vita-
min E. Norkus el (1 / found that topi ca l application of Cy-tocopherol 
acetate to mouse skin significantly increases skin a-tocopherol 
levels, suggesting that a-tocophero l acetate is bioconverted in the 
skin to free a-tocophero l [40]. In our study, tocopherol sOI·bate was 
found to be the most clFective in preventing UV-induced skin 
wrinkling, suggesting that its uptake and appro priate bioconversioll 
is more e ffi cient than the other tocopherol forms examined. 
Additionally, the sorbate mo iety is expected to h:1Ve an antiox;dant 
activity (e.g., singlet ox-ygen quenching) due to its conj ugated 
double-bond system IA1]. 
In the skill-wrinkling study a-tocopherol was found to be 
protective. However, in the EPR experiments, a-tocophero l was 
found to sli ghtl y enhance t·adica l production whereas tocopherol 
acetate had no efFect on radical levels with the methods used. T he 
UV radiation dose used for the EPR. fi·ee-radical experi1l1ents was 
an acute exposure, w hereas the ill vivo skin-wrinkli ng experiments 
involved chl"Oni c UV exposure. T he increased fi·ee-radical levels in 
the acute-ex-posure experiments co uld be due to a-tocop hel"O l 
absorbing UV radiation itself and be in g directly con verted to its 
fi·ee-radica l form. 
T he tocopherol sorbate treatment was found to be highl y 
photoprotective against UV radiation-induced fi·ce-radic:ll forma-
tion and photoaging in the hairless mouse 1I10dei. T here was almost 
50'1.) less detectablc radi cal formation in UV radiation-ex-posed 
tocopherol sorb:l te treated than in a-tocop hero l-treated skin . In 
addition, tocopherol sorbate treatment decreased baseline radical 
formation in skin, suggesting a possible :lnti-aging ro le fo t· thi s 
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treatment. Further work is needed to elucidate the tnechanism 
involved in protection . 
The usc of topica l antiox-idants to t·educe free-radical fonnation is 
a pl"Omising new approach to photoprotection and possibly skin-
tumor prevention . rn addition to blocking the UV radiation from 
being absOI·bed by skin, :1S is typ ically done with UV absorbers, such 
as pam-aminobenzoic a id and cinnal11ate (sunscreen ingredients), 
skin could also be protected by preventing propagation of free-
radica l damage. 
C UlTen tly, sunscreens and many cosmetics contain tocopherol in 
the acetate form w hich, based on the methods used here, h as only 
a modest protective e/fect. Our data clearly demonstrate that the 
sorb:lte f0l"l11 of vitamin E significantly reduces the le\re l of free 
radic:l ls in UV radiation-exposed mouse skin . T ins reduction in 
measu red fi·ee-r<tdical signa l in tocopherol-treated skin correlates 
with a decrcase in photo-induced skin wrinkling in anima ls simi-
larly t reated, suggesting a connection between free radicals and 
wrinkling. T hus , our d<tta support the usc of tocopherol sorbate in 
sunscreen pt·eparations to t·educe photoaging. 
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